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Diret Numerial Simulation of Turbulent Heat Transfer Modulation in
Miro-Dispersed Channel Flow
∗
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o Zonta, Cristian Marhioli and Alfredo Soldati
Centro Interdipartimentale di Fluidodinamia e Idraulia and Dipartimento di Energetia e Mahine,
Università degli Studi di Udine, 33100, Udine, Italy
Abstrat The objet of this paper is to study the inuene of dispersed mirometer size partiles
on turbulent heat transfer mehanisms in wall-bounded ows. The strategi target of the urrent
researh is to set up a methodology to size and design new-onept heat transfer uids with properties
given by those of the base uid modulated by the presene of dynamially-interating, suitably-
hosen, disrete miro- and nano- partiles.
We run Diret Numerial Simulation (DNS) for hydrodynamially fully-developed, thermally-
developing turbulent hannel ow at shear Reynolds numberReτ = 150 and Prandtl number Pr = 3,
and we traked two large swarms of partiles, haraterized by dierent inertia and thermal inertia.
Preliminary results on veloity and temperature statistis for both phases show that, with respet
to single-phase ow, heat transfer uxes at the walls inrease by roughly 2% when the ow is laden
with the smaller partiles, whih exhibit a rather persistent stability against non-homogeneous
distribution and near-wall onentration. An opposite trend (slight heat transfer ux derease) is
observed when the larger partiles are dispersed into the ow. These results are onsistent with
previous experimental ndings and are disussed in the frame of the urrent researh ativities in
the eld. Future developments are also outlined.
PACS numbers:
I. INTRODUCTION
The problem of developing eient heat transfer teh-
niques for tehnologial appliations has beome more
and more important over the last deades due to the in-
reasing demand of ooling in high heat ux equipments
and to the unpreedented pae of omponent miniatur-
ization [1,2,3℄. Consider, for instane, teraop omputers
and other eletroni equipments like optial bers, high
energy density lasers and high power x-rays. These de-
vies are required to operate with high preision and,
at the same time, with minimum size. Suh require-
ments impose a hallenge in terms of both devie de-
sign and thermal management, not only in the ase of
miro-sale appliations but also for large-sale applia-
tions suh as transport vehile engines, fuel ells and on-
trolled bio-reators [3℄. Common air-based ooling sys-
tems have proven inadequate in high heat ux applia-
tions and more eient tehniques for heat transferabil-
ity are thus required. In partiular, a quest for a uid
with high heat transfer apaity, haraterized by the
possibility of tunable thermal properties and also asso-
iated to low management/safety problems has started.
One possibility is to use nanouids, namely dilute liquid
suspensions of nanopartiulate solids inluding partiles,
nanobers and nanotubes, whih are supposed to hange
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the heat transfer apabilities of the base uid up to the
target, desired amount. Nanouids were rst brought
into attention approximately a deade ago, when their
enhaned thermal behavior was observed with respet to
onventional single-phase uids suh as water, engine oil,
and ethylene glyol [3℄. Speially, due to the high ther-
mal ondutivity of metals in solid form, uids ontaining
suspended metal partiles display signiantly enhaned
thermal ondutivity and spei heat apaity [4,5℄ om-
pared to the onventional heat transfer liquids. For ex-
ample, the thermal ondutivity of gold at room temper-
ature is more than 500 times larger than that of water
and more than 2000 times larger than that of engine oil.
The idea of inreasing the eetive thermal ondutiv-
ity of uids with suspensions of solid partiles is not so
reent sine the rst theoretial formulation of nanouids
as a new onept of heat transfer uids was put forth by
Maxwell [6℄ more than one entury ago, then followed by
several other experimental and theoretial studies, suh
as those of Hamilton and Crosser [7℄ and Wasp et al.
[8℄. As of today, however, a learut understanding of
the modiations of the heat transfer mehanisms our-
ring in nanouids is still to be produed. This is indi-
ated by the failure of lassial models of suspensions
and slurries in prediting nanouids behavior [3,9℄ a-
ompanied by the lak of alternative modelling strate-
gies. Suh lak may be possibly due to the number of
investigations on the physial mehanisms whih govern
the heat transfer proesses, still relatively low if om-
pared to the orrispondingly large number of theoretial
and experimental studies devoted to the problem of en-
haning heat transferability with nanouids (see [3,9℄ for
a review). A possible way to improve the understand-
ing of the physial transfer mehanisms is to use au-
2rate and reliable numerial tools suh as Diret Numeri-
al Simulation (DNS) and Lagrangian Partile Traking
(LPT), whih may omplement omplex and ostly ex-
periments. DNS-based Eulerian-Lagrangian studies have
been widely used for investigating mass, momentum and
heat transfer mehanisms in turbulent boundary layers.
In partiular, previous DNS studies on turbulent partile
dispersion in wall-bounded ows (see [10-12℄ among oth-
ers) have proven their apability of prediting partile-
turbulene interations: these studies made it possible to
perform phenomenologial and quantitative analyses on
the dispersion proesses [13,14℄, highlighting lustering
and segregation phenomena. In the proess of transfer-
ring this researh methodology to nanouids, one ques-
tion requiring lariation for learut expetations is to
what extent the same approah is proper to solve the
dierent new physis hallenges imposed by the dierent
phenomena and range of parameters.
In this work, we propose to start approahing nanou-
ids from a simplied simulation setting where miropar-
tiles, rather than nanopartiles, are dispersed into the
ow. This simpliation allows to single out omplia-
tions arising when the partiles are very small and om-
pare with the moleular sales of the uid: inter-partile
fores, wall eets, van der Waals fores, Brownian dif-
fusion, et. DNS has been used already to investigate
on turbulent heat transfer in wall-bounded ows [15-21℄
and available studies provide systemati analyses of the
Reynolds and Prandtl number eets on the heat transfer
proess. However, all these studies onsider either single-
phase turbulent ows [16,18-21℄ or turbulent ows laden
with oarse partiles [15,17℄. A omprehensive analy-
sis aounting for mass, momentum and heat transfer
mehanisms all together and tailored for the spei ase
of miro- or nano-dispersed uids is urrently unavail-
able as far as our knowledge goes. This is due to the
non-trivial modeling issues, whih of ourse reet upon
the omplex interations between the two phases. To
elaborate, studying heat transfer modiations requires
modeling partiles as ative heat transfer agents whih
interat both with the temperature eld and the veloity
eld. Neessary energy and momentum oupling terms
must be inorporated in the governing equations of both
phases. This paper represents an eort toward a sys-
temati phenomenologial study of turbulent heat trans-
fer mehanisms in miro- and/or nano-dispersed uids.
Sine the modeling of these uids represents a largely
unexplored eld of researh, this study involves substan-
tial hallenges due to the rih omplexity of the involved
physis. The main fous of the present paper is to ex-
amine the modiations produed by solid inertial par-
tiles on the temperature elds of both uid and parti-
les. First, the numerial methodology that we use to
investigate on the problem will be desribed; then pre-
liminary statistial results will be shown and disussed
in the limit of hydrodynamially fully-developed, ther-
mally developing turbulent hannel ow laden with par-
tiles large enough to neglet Brownian diusion (whih
beomes important only for partile diameters smaller
than 1 µm) but small enough to ensure stability against
the inertia-dominated non-homogeneous distribution [12℄
and onsequent near-wall aumulation [10,13℄.
II. METHODOLOGY
A. Flow eld equations
With referene to the shematis of Fig. 1, partiles are
introdued in a turbulent hannel ow with heat trans-
fer. Assuming that the uid is inompressible and New-
tonian, the governing balane equations for the uid (in
dimensionless form) read as:
∂ui
∂xi
= 0 , (1)
∂ui
∂t
= −uj
∂ui
∂xj
+
1
Re∗
∂2ui
∂xj2
−
∂p
∂xi
+ δ1,i + f2w, (2)
∂T
∂t
+ uj
∂T
∂xj
=
1
Re∗Pr
∂2T
∂x2j
+ q2w, (3)
where ui is the i
th
omponent of the veloity vetor, p
is the utuating kinemati pressure, δ1,i is the mean
pressure gradient that drives the ow, T is the tempera-
ture, Re∗ is the shear (or frition) Reynolds number and
Pr is the Prandtl number. The shear Reynolds number
is dened as Re∗ = u∗h/ν, based on the shear velo-
ity, u∗, on the half hannel height, h, and on the uid
kinemati visosity, ν. The shear veloity is dened as
u∗ = (τw/ρ)
1/2
, where τw is the mean shear stress at
the wall and ρ is the uid density. The Prandtl num-
ber is dened as Pr = µcp/k where µ, cp and k are
the dynami visosity, the spei heat and the ther-
mal ondutivity of the uid, respetively. All variables
onsidered in this study are reported in dimensionless
form, represented by the supersript +, whih has been
dropped from Eqns. (1) to (3) for ease of reading, and
expressed in wall units. Wall units are obtained by tak-
ing u∗, ν and the shear (or frition) temperature T ∗ as
the referene quantities employed for normalization. The
shear temperature is dened as T ∗ = qw/ρcpu
∗
where
qw = k ·∇Tw is the mean heat ux at the wall and ∇Tw is
the wall-normal omponent of the temperature gradient
at the wall. In Eqns. (2) and (3) the momentum-oupling
term f2w and the energy-oupling term q2w are dened
in terms of momentum and energy ux per unit mass,
namely f2w = F2w/mp and q2w = Q2w/(cp · mp) where
mp is the partile mass. These terms are introdued to
model, as point soures, the inuene of the partiles on
the uid veloity and temperature elds (two-way ou-
pling approah). More details on these terms are given
in Se. II C. The referene geometry onsists of two
innite at parallel walls; the origin of the oordinate
system is loated at the enter of the hannel and the
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Figure 1: Sketh of the omputational domain.
x−, y− and z− axes point in the streamwise, spanwise
and wall-normal diretions respetively (see Fig. 1). The
alulations are performed on a omputational domain
of size 4pih × 2pih × 2h in x, y and z, respetively. Pe-
riodi boundary onditions are imposed on both veloity
and temperature in the homogeneous x and y diretions;
at the wall, no-slip ondition is enfored for the momen-
tum equation whereas onstant temperature ondition is
adopted for the energy equation. Speially, the tem-
perature on the boundaries is held onstant at the uni-
form values < T hw >= 80
o C for the hot wall (soure
of heat) and < T cw >= 20
o C for the old wall (sink of
heat), where <> denotes averaged values. The ondition
on temperature has been hosen beause our aim is to
simulate the problem of thermally-developing fored on-
vetion in a hannel where supply of heat from a soure
and release of heat to a sink are onsidered as onstant
temperature proesses.
B. Partile equations
Large samples of heavy partiles with diameter dp =
4 µm and 8 µm and with density ρp = 19.3 · 10
3 kg m−3
(gold in water) are injeted into the ow at onentration
high enough to have signiant two-way oupling eets
in both the momentum and energy equations but negligi-
ble partile-partile interations. The partile dynamis
is desribed by a set of ordinary dierential equations for
position, veloity and temperature. For partiles heav-
ier than the uid (ρp/ρ ∼ 20, as in the present ase),
Armenio and Fiorotto [22℄ showed that the most signif-
iant fore is Stokes drag. Other fores ating on the
partiles, suh as hydrostati fore, Magnus eet, Bas-
set history fore and added mass fore are not taken into
aount sine they are assumed to be negligible (orders of
magnitude smaller) beause of the spei set of physial
parameters of our simulations [22,23℄. We also negleted
the Brownian fore, whih is proportional to 1/d5p and
beomes important for partile diameters less than 1 µm
[24℄. With the above assumptions, a simplied version of
the Basset-Boussinesq-Oseen equation for partile mo-
mentum balane [25℄ is obtained. In vetor form:
dxp
dt
= up , (4)
dup
dt
= −
3
4
CD
dp
(
ρ
ρp
)
| up − u | (up − u) , (5)
where xp is the partile position, up is the partile ve-
loity, u is the uid veloity at partile position and CD
is the drag oeient. The formulation of the drag oef-
ient CD follows the non-linear approximation reported
in Shiller and Naumann [26℄:
CD =
24
Rep
(
1 + 0.15Re0.687p
)
, (6)
where Rep = dp | up − u | /ν is the partile Reynolds
number based on the relative partile-to-uid veloity.
The orretion for CD is neessary when Rep does not
remain small (Rep > 1).
In this study, the partiles exhange both momentum
and heat with the arrier uid. The equation desribing
the temperature evolution of the dispersed phase an be
derived from the energy balane on a partile, written un-
der the assumption of onvetive heat transfer ourring
through the partile surfae (the ontribution of radiation
is thus negleted). The inter-phase heat transfer rate of
a spherial partile in motion relative to the surrounding
uid an be written as:
Q˙c = Nu · pidp · kf · (Ts − T ) , (7)
where Nu is the Nusselt number, kf is the thermal
ondutivity of the uid, T is the temperature of the
uid and Ts is the temperature at the partile surfae.
The Nusselt number is given by the well-known Ranz-
Marshall orrelation [27℄:
Nu = 2 + 0.6 ·Rep
1
2 · Pr
1
3 , (8)
and aounts for hanges of the heat transfer rate due
to the relative motion between the partile and the sur-
rounding uid. Rearranging Eqn. (7), one an write:
dTp
dt
=
Nu
2
·
(Tf − Tp)
τT
, (9)
where Tf is the temperature of the uid at partile po-
sition, Tp is the temperature of the partile and τT =
(cpρpdp
2)/(12kf) is the partile thermal response time.
In this study, we onsidered uniform temperature inside
the partile, namely Tp = Ts: this assumption is justied
for partiles with Biot number smaller than 0.1 [25℄. The
partile Biot number is denes as:
Bi =
hpdp
2λ
, (10)
4where hp and kp are the onvetive heat transfer oe-
ient and the thermal ondutivity of the partile. In the
present simulations, the partile Biot number is O(10−6).
C. Modeling of two-way oupling
The soure terms f2w and q2w in Eqns. (2) and (3)
arise beause of the momentum transfer due to the drag
fore on the partile and beause of the onvetive heat
transfer to/from the partile, respetively. Calulation of
these oupling terms is done applying the ation-reation
priniple to a generi volume of uid Ω ontaining a par-
tile. Fousing on the f2w term (the extension for the
term q2w is straightforward), we have:∫
Ω
f2w(x)dΩ = −fflu , (11)
where fflu is the fore exerted by the uid on the parti-
le. The term f2w, whih represents the feedbak of the
dispersed phase on the uid, an be obtained by adding
the ontributions of eah partile:
f2w =
np∑
p=1
(fp2w) , (12)
where np is the total number of partiles. The evalua-
tion of eah ontribution f
p
2w is obtained using the point
soure approximation [28,29℄:
f
p
2w = −ffluδ(x− xp) , (13)
where δ(x− xp) is the Dira delta funtion.
D. DNS methodology
In this study a DNS of fully-developed hannel ow
with heat transfer is performed. The governing equa-
tions for the uid, Eqns. (1)-(3), are disretized using a
pseudo-spetral method based on transforming the eld
variables into wavenumber spae, using Fourier represen-
tations for the periodi (homogeneous) diretions and
a Chebyshev representation for the wall-normal (non-
homogeneous) diretion. As ommonly done in pseu-
dospetral methods, the onvetive non-linear terms are
rst omputed in the physial spae and then trans-
formed in the wavenumber spae using a de-aliasing
proedure based on the 2/3-rule; derivatives are eval-
uated diretly in the wavenumber spae to maintain
spetral auray. Time advanement of the equations
is performed using an expliit two-stage Euler/Adams-
Bashforth sheme for onvetive terms and an impliit
Crank-Niolson method for the visous terms. The time
step used is dt+ = 0.045 in wall units. More details on
the numerial sheme an be found in [30℄.
DNS alulations were performed at Re∗ = 150, or-
responding to a bulk (average) Reynolds number Reb =
ubh/ν = 1900, where ub is the bulk veloity. At this
Reynolds number, two dierent values of the Prandtl
number were onsidered (see Table I). First, a simula-
tion at Pr = 0.71 (run R1 in Table I) was performed to
validate the ow solver against numerial data available
in the literature [31℄ for the situation of turbulent ow
of air (ρ = 1.3 kg m−3, ν = 15.7 · 10−6 m2/s) at ambi-
ent temperature in a hannel of half height h = 0.02 m.
In this simulation, we have u∗ = 0.11775 m s−1 and
ub = 1.49 m s
−1
. Seond, simulations at Pr = 3 (orre-
sponding to runsR2 to R4 in Table I) has been performed
to study heat transfer modiations in a partile-laden
turbulent ow of water (ρ = 103 kg m−3, ν = 10−6 m2/s)
at the temperature < T >= 50o C in a hannel of half
height h = 500 µm. The temperature < T > orresponds
to the mean temperature between < T hw > and T <
c
w>.
In this ase, u∗ = 0.3 m s−1 and ub = 3.8 m s
−1
.
The omputational domain has dimensions 1885 ×
942× 300 in wall units and was disretized using an Eu-
lerian grid made of 128 × 128 × 129 nodes (orrespond-
ing to 128 × 128 Fourier modes and to 129 Chebyshev
oeients in the wavenumber spae). The grid spa-
ing is uniform in the homogeneous diretions and orre-
sponds to spatial resolutions equal to ∆x+ = 14.72 and
∆y+ = 7.35; the nodes along the wall-normal diretion
are lustered near the wall orresponding to spatial res-
olutions from ∆z+ = 0.0452 at the wall to ∆z+ = 3.68
at the enterline. The wall-normal grid spaing is al-
ways smaller than the smallest loal ow sale and, thus,
it fullls the requirements imposed by the point-partile
approah (see Se. IIE).
E. Lagrangian partile traking
The omplete set of equations whih desribes the time
evolution of partile position, veloity and temperature
in the turbulent ow eld is given by Eqns. (4), (5) and
(9). To solve for these equations, we have oupled the
DNS ow solver to a Lagrangian traking routine. The
routine uses 6th-order Lagrangian polynomials to inter-
polate the uid veloity omponents and the uid tem-
perature at partile position. The performane of the
interpolation sheme is omparable to that of spetral
diret summation and to that of an hybrid sheme whih
exploits 6th-order Lagrangian polynomials in the stream-
wise and spanwise diretions and Chebyshev summation
RUN Re∗ u∗ Pr dp d
+
p τp St τT StT
[m/s℄ [µm] [µs] (= τ+p ) [µs] (= τ
+
T )
R1 150 0.11775 0.71      
R2 150 0.3 3      
R3 150 0.3 3 4 1.2 17.16 1.56 5.49 0.5
R4 150 0.3 3 8 2.4 68.62 6.24 2.196 2.0
Table I: Summary of the simulation parameters.
5in the wall-normal diretion. A 4th-order Runge-Kutta
sheme is used for time advanement of the partile equa-
tions. The timestep size is equal to that used for the uid
(δt+ = 0.045). The total traking time was t+ = 2000
for the 4 µm partiles and t+ = 1500 for the 8 µm par-
tiles. We remark here that these simulation times are
not suient to ahieve a statistially steady state for
the partile onentration, yet they are long enough to
obtain onverged veloity and temperature statistis and
to highlight qualitatively the eet of the partiles on
the heat transfer rate. Partiles are treated as pointwise,
rigid spheres (point-partile approah) and are injeted
into the ow at average mass fration, Φm, high enough
to have a two-way oupling between the partiles and the
uid (Φm ∼ 10
−2
) [32,33℄. Possible eets due to inter-
partile ollisions are negleted. At the beginning of the
simulation, partiles are distributed randomly over the
omputational domain and their initial veloity and tem-
perature are set equal to those of the uid at the partile
initial position. Periodi boundary onditions are im-
posed on partiles moving outside the omputational do-
main in the homogeneous diretions, whereas perfetly-
elasti ollisions at the smooth walls are assumed when
the partile enter is less than one partile radius away
from the wall. No spei boundary ondition is needed
for the partile temperature equation (Eqn. 9) sine the
integration of this equation follows the integration of the
partile momentum equation (Eqn. 5) and it requires
only the knowledge of the initial ondition. In the sim-
ulations presented here, large samples of 800, 000 parti-
les have been onsidered for eah value of Re∗ and Pr.
We remark here that traking of O (106) partiles two-
way oupled with the uid requires a huge omputational
eort in terms of both omputational ost of the simu-
lation and disk storage availability, onsidering also the
rather long traking times ahieved in the simulations.
Eah partile sample is haraterized by dierent val-
ues of the partile response times. Table I summarizes
the omplete set of parameters relevant to the simula-
tions of partile dispersion, inluding the partile Stokes
numbers, St and StT . The partile Stokes number or-
responds to the non-dimensional partile response time
and is obtained using the visous timesale τf = ν/u
2
τ as
referene. In the present study, we have St = τ+p = τp/τf
and StT = τ
+
T = τT /τf .
III. RESULTS AND DISCUSSION
A. Unladen turbulent hannel ow with heat
transfer
In this paragraph we examine the statistis relative to
veloity and thermal variables for the base ase of un-
laden uid. We examine the results relative to the sim-
ulations R1 and R2, performed at the same Reynolds
number (Re∗ = 150) and at Prandtl numbers equal to
0.71 and = 3, respetively. Veloity and temperature
statistis will be examined and ompared against litera-
ture referene ases [19,31℄.
1. Veloity eld
The mean veloity prole will not be shown sine it ol-
lapses onto the logarithmi law of the wall perfetly [13℄
and mathes previous results obtained in Refs. [19,31℄.
In Fig. (2) the root mean square (rms) of the utuations
of the veloity omponents, < u+i,rms(z
+) >, are plotted
as a funtion of the wall normal oordinate in wall units,
z+, and ompared against the results of Kasagi and Iida
[31℄. The agreement is generally good showing small dif-
ferenes whih may be due to marginal statistial sam-
pling of the time series. In the two simulations relative to
the base uid only, the veloity eld depends only on the
pressure gradient (namely on the shear Reynolds num-
ber, Re∗) and it is not inuened by the value of the
Prandtl number  fored onvetion.
2. Temperature eld
The behavior of the uid temperature averaged over
the homogeneous diretions (x and y) is shown in Fig.
(3) for the two values of the Prandtl number, Pr = 0.71
and Pr = 3 respetively. In Fig. (3a), the temperature
is made dimensionless in outer units, indiated by the
supersript , as follows:
< T− >=
< T > −Tm
∆Tm
, (14)
where Tm = (TH + TC)/2 is the average enterline tem-
perature and ∆Tm = (TH − TC)/2 is the temperature
dierene between the walls. The average temperature is
shown as a funtion of the wall normal oordinate made
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Figure 2: Rms of uid veloity omponents, < u+i,rms(z
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dimensionless by the half hannel height, h. The results
of the present work are ompared and assessed against
those omputed by Kasagi and Iida [31℄ for Pr = 0.71
and against those omputed by Na et al. [19℄ for Pr = 3.
Results math perfetly showing that the simulation pa-
rameters  i.e. resolution, average time, et.  are ap-
propriate for the problem under investigation.
The same averaged temperature proles are plotted
in Fig. (3b) using a semi-logarithmi sale just to show
possible minor dierenes among the urrent proles and
the benhmark proles [19,31℄. Temperature proles are
shown as a funtion of the wall normal distane, both
being expressed in wall units. In this ase, the tem-
perature is dened as the dierene between the loal
average temperature and the wall temperature (both
relative to the average enterline temperature) normal-
ized by the frition temperature, T ∗ = qw/(ρfcpu
∗):
< T+ >= (< T > −TW )/T
∗
.
The omputed data are also ompared with standard
analytial orrelations used to estimate the temperature
wall dependene. These orrelations have the following
form:
< T+ >=
< T > −TW
T ∗
=
{
Pr · z+ if z+ ≤ 11.6 ,
1
kθ
ln z+ +Bθ if z
+ > 11.6
(15)
where kθ = 0.21 and Bθ = −4.4 and 14.7 for Pr = 0.71
and for Pr = 3, respetively.
As broadly known, the proles show the existene of
a (near-wall) diusive sublayer, the thikness of whih
varies with the Prandtl number and is approximately
equal to ∆θ+ = 6.5 for Pr = 0.71 and ∆θ+ = 4.5 for
Pr = 3. In Figs. (3a) and (3b) we an further observe
that the temperature gradient at the wall is strongly de-
pendent on the value of the Prandtl number. This be-
havior is shown by Eqn. (15), from whih it is lear that
the temperature in the visous sublayer depends linearly
on the Prandtl number.
In problems whih involve turbulent heat transfer, the
Prandtl number is also important to establish the small-
est spatial sale for the temperature eld, ηθ, whih an
be expressed [34,35℄ as a funtion of the Kolmogorov
sale, ηk, as follows:
ηθ ∼ ηk
(
1
Pr
)3/4
, (16)
for Pr < 1, and:
ηθ ∼ ηk
(
1
Pr
)1/2
, (17)
for Pr > 1. The previous relations onrm that for a
given value of ηk (we remind here that the average value
of ηk depends only on the Reynolds number, whih is
equal to 150 in the present simulations), the smallest tem-
perature sale dereases for inreasing Prandtl numbers.
The behavior of rms of the temperature eld utu-
ations, < T+rms(z
+) >, is shown in Fig. (4). Results
obtained by Kasagi and Iida [31℄ for Pr = 0.71 and by
Na et al. [19℄ for Pr = 3 are also shown for benhmark
and omparison. Results are presented in wall variables.
Fousing on the Pr = 0.71 ase, we observe that the
temperature intensity reahes a maximum at the hannel
enterline, not mimiking the behavior of the utuations
of the veloity eld whih all reah their peak in the wall
proximity (see Fig. (2)). This was disussed by Lyons
et al. [21℄, who attributed this dierent behavior to the
temperature boundary onditions whih fore a non-zero
temperature gradient at the enter of the hannel. In the
Pr = 3 ase, the temperature intensity reahes a maxi-
mum in the near-wall region. This observation is related
to the Prandtl number eet on < T+rms(z) >, indiating
that the range of wavenumbers in the thermal utuating
eld inreases with Pr, for whih the spetral funtions
of the veloity elds are negligible. As an be also ob-
served, the inrease in the Prandtl number orresponds
to a shift of the peak value of the temperature utua-
tions toward the wall. Both in the urrent results and in
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Figure 4: Rms of uid temperature, < T+rms(z
+) >, at Pr =
0.71 and at Pr = 3.
those by Kasagi and Iida [31℄ for Pr = 0.71, the relative
peak of the temperature utuations is loated around
z+ = 20. The loation of the peak for the higher Prandtl
number (Pr = 3) has moved to z+ = 9, roughly. Small
disrepanies due perhaps to the marginally statistial
sample are observed between our results and those of Na
et al. [19℄.
B. Partile-laden turbulent hannel ow with heat
transfer and momentum/energy two way oupling
The main purpose of this setion is to analyze the mod-
iations on the ow eld due to the mutual interation
between uid and partiles. In partiular, results ob-
tained from two-way oupling simulations at Pr = 3 are
ompared against those obtained from the orrespond-
ing one-way oupling simulations, in whih partile feed-
bak on the ow is negleted: f2w = 0 and q2w = 0 in
Eqns. (2) and (3). We remark here that, even though
the problem of uid-partile momentum oupling in two-
phase ows has been widely investigated [11,28,33℄, muh
less eort has been devoted to the energy oupling prob-
lem. Currently, numerial studies on this problem are
available for homogeneous shear ow [36℄ and for homo-
geneous isotropi turbulene [37℄. To our knowledge, this
is the rst attempt to study (by means of DNS) both mo-
mentum and energy oupling between uid and partiles
in wall-bounded ow.
1. Veloity eld modiations by partiles
The eet of partiles on the mean uid veloity,
< u+x (z
+) >, is shown in Fig. (5). The solid line refers
to the simulation without partiles, while the dot-dashed
line refers to the two-way oupling simulation with the
4 µm partiles. Proles are averaged in spae (over the
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Figure 5: Mean streamwise uid veloity, < u+x (z
+) >, at
Pr = 3: omparison between unladen ow (no momen-
tum/energy oupling) and ow laden with dp = 4 µm par-
tiles (with momentum/energy oupling).
streamwise and spanwise diretions) and time (over a
time span of 180 wall units). As expeted, mean veloity
proles, normalized here by the unladen ow shear velo-
ity u∗, deviate only slightly (if not negligibly, as in the
visous sublayer) from eah other. A areful examination
of Fig. (5) indiates that the eet of partiles is to shift
the veloity proles slightly toward smaller values in the
buer region (5 < z+ < 30) and toward higher values
in the outer region (z+ > 30). Comparison of the mean
veloity proles for the 8 µm partile ase (not shown
here for brevity) indiate no observable eet.
The behavior of the turbulene intensities, given by the
rms of the uid veloity utuations, < u+i,rms(z
+) >,
shows larger dierenes as presented in Fig. (6). Again,
the solid lines refer to the simulation without partiles,
whereas the dot-dashed and the dashed lines refer to the
two-way oupling simulation with the 4 µm partiles and
with the 8 µm partiles, respetively. It appears that par-
tiles do not aet muh the intensities in the near-wall
region but do substantially hange them in the buer re-
gion, partiularly where the proles develop a peak, and
at the hannel enterline. For eah rms omponent, lo-
al hanges of opposite sign depending on partile inertia
are observed with respet to the referene unladen-ow
values.
2. Temperature eld modiations by partiles
Fig. (7) shows the mean uid temperature proles in
inner units, < T−(z−) >, (Fig. 7a) and in wall units,
< T+(z+) > (Fig. 7b). Lines are as in Fig. (5). Visual
inspetion of Fig. (7a) does not reveal signiant dier-
enes in the proles. However, omputing the loal value
of the wall-normal temperature gradient, d<T (z)>/dz,
right at the wall, we obtain an inrease of roughly 2 %
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Figure 6: Rms of mean uid veloity omponents, <
u+i,rms(z
+) >, at Pr = 3: omparison between unladen
ow (no momentum/energy oupling) and ow laden with
dp = 4 µm partiles and with dp = 8 µm partiles (with
momentum/energy oupling). Panels: (a) streamwise rms,
< u+x,rms(z
+) >; (b) spanwise rms, < u+y,rms(z
+) >; (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normal rms, < u+i,rms(z
+) >.
for the two-way oupling simulation with the 4 µm
partiles and a derease of 0.2 % for the two-way ou-
pling simulation with the 8 µm partiles. This nding
is important beause hanges produed by the partiles
to the wall-normal temperature gradient diretly reet
upon the heat ux at the wall, qw, through the following
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Figure 7: Mean uid temperature at Pr = 3: omparison
between unladen ow (no momentum/energy oupling) and
ow laden ow with dp = 4 µm partiles and with dp = 8
µm partiles (with momentum/energy oupling). Panels: (a)
< T−(z−) > (lin-lin sale), (b) < T+(z+) > (log-lin sale).
expression:
qw =
1
Pr
d < T (z) >
dz
. (18)
In turn, a hange in the value of qw will eventually or-
respond to a hange in the value of the total turbulent
heat ux qz,tot, dened as:
qz,tot = qw− < T
′w′ > , (19)
under fully developed onditions. Besides being perhaps
the most signiant result of the present paper from a
quantitative viewpoint, the inrease of removable heat
ux at the wall for the smaller 4 µm partiles ase and
the derease of removable heat ux for the larger 8 µm
partiles ase have also an eet on the frition tempera-
ture, T ∗. Aording to its denition (see Se. III A), the
frition temperature omputed in the two-way oupling
simulations with the 4 µm partiles will inrease with re-
spet to the unladen ow ase, whereas it will derease
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Figure 8: Rms of uid temperature, < T+rms(z
+) >, at Pr =
3: omparison between unladen ow (no momentum/energy
oupling) and ow laden with dp = 4 µm partiles and with
dp = 8 µm partiles (with momentum/energy oupling).
in the simulations with the 8 µm partiles. As a on-
sequene, starting from the referene prole relative to
the unladen ow ase, the mean uid temperature pro-
le omputed for the 4 µm partile ase will shift toward
smaller values (partiularly outside the visous sublayer)
whereas it will shift toward slightly higher values when
the larger 8 µm partiles are onsidered, as apparent from
Fig. (7b).
Finally, the rms of the uid temperature utuations,
< T+rms(z
+) >, are shown in Fig. (8). The 4 µm
partiles produe a slight derease in the peak value of
< T+rms(z
+) > and an inrease outside the buer region;
smaller modiations (mostly limited to the ore region
of the ow) are produed by the larger 8 µm partiles.
3. Inuene of partile inertia and of partile thermal
inertia
The interations between partiles, turbulent momen-
tum transport and turbulent heat transport are inu-
ened by the partile response times. In this setion we
analyze the Eulerian statistis of the partiles in om-
parison with those of the uid. Speially, partiles will
aquire and lose momentum and heat at a rate propor-
tional to the inverse of their response times, τp and τT
respetively.
Fig. (9) shows the mean streamwise veloity prole,
< u+x,p(z
+) >, averaged in time and along the homoge-
neous diretions, for both uid and partiles as a funtion
of the wall-normal oordinate, z+. Dierenes are readily
visible, with a onsistent evidene of the eet of partile
inertia. Smaller partiles (St = 1.5, dp = 4 µm) behave
more like uid traers and their average veloity prole
(irles) almost math that of the uid (solid line). As
the partile response time inreases (St = 6, dp = 8 µm),
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Figure 9: Mean partile streamwise veloity, < u+x,p(z
+) >, at
Pr = 3. Symbols: (©) dp = 4 µm partiles, () dp = 8 µm
partiles. The mean uid streamwise veloity prole relative
to the unladen ow ase (solid line) is also shown for sake of
omparison.
the average partile veloity (squares) is seen to lag the
average uid veloity, in partiular outside the visous
sublayer. Present results agree well with those reported
by van Haarlem et al. [38℄ and by Portela et al. [39℄,
who however used a one-way approah. This shows that,
for the urrent size, density and overall onentration
of the partiles, modiations to the mean streamwise
veloity prole due to momentum and energy oupling
appear negligible. As already observed by van Haarlem
et al. [38℄, inertial partiles dispersed in a turbulent ow
do not sample the ow eld homogeneously and tend to
avoid areas of high vortiity preferring areas harater-
ized by lower-than-mean streamwise uid veloity and by
high strain rate. This gives the harateristi veloity lag
in the region 5 < z+ < 50. This eet is onrmed by
data shown in Fig. (10a), where the root mean square
of partiles streamwise veloity (irles and squares) is
ompared to that of the uid (solid line). Flutuations of
partile streamwise veloity are larger than those of the
uid, this dierene beoming more evident as partile
response time inreases [39℄. From a physial viewpoint,
the dierene in the streamwise values suggests that the
gradients in the mean uid veloity an produe signi-
ant utuations of the streamwise partile veloity. This
eet seems more pronouned in the ase of heavy parti-
les, with larger Stokes number and a longer memory.
An opposite behavior is observed in the spanwise dire-
tion and in the wall-normal diretion (Figs. (10b) and
(10), respetively), where the uid veloity eld has zero
mean gradient. The turbulene intensity of the partiles
is very lose to that of the uid for partiles with small
inertia (St = 1.5, irles) and lower than that of the uid
for partiles with higher inertia (St = 6, squares). This
is mainly due to two mehanisms ating in tandem. The
rst mehanism is preferential onentration of partiles
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Figure 10: Rms of partile veloity omponents at Pr = 3.
Symbols: (©) 4 µm partiles, () 8 µm partiles. Panels:
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+) >, (b) spanwise rms, <
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+) >, (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+) >. The
rms of uid velo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ow ase (solid
line) is also shown for sake of omparison.
in low-speed regions, haraterized by lower turbulene
intensity [13℄. The seond is the ltering of high frequen-
ies or wavenumber utuations done by partiles due to
their inertia. The inertial ltering damps turbulene in-
tensity of the partiles in the wall-normal diretion and
in the spanwise diretion. Similar ltering eets have
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Figure 11: Mean partile temperature at Pr = 3. Sym-
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les, () 8 µm partiles. Panels: (a)
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ale), (b) < T+p (z
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sale). The mean uid veloity relative to the unladen ow
ase (solid line) is also shown for sake of 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been observed in homogeneous turbulene [40℄.
The statistial behavior of the thermal eld for the
dispersed phase is presented in Figs. (11) and (12). Fig.
(11) shows the mean temperature proles for partiles
and uid as a funtion of the wall-normal oordinate. In
Fig. (11a) variables are expressed in outer units, whereas
in Fig. (11b) variables are shown in wall units and in
semi-logarithmi sale. The solid line refers to the aver-
age unladen uid temperature, while irles and squares
refer respetively to the simulations with the 4 µm par-
tiles and with the 8 µm partiles. Fig. (11a) indi-
ates that, for both partile sets, the partile temper-
ature in the near-wall region (0 < z+ < 30) is higher
than that of the uid, while it reahes lower values in
the outer region (30 < z+ < 150). Partile temperature
higher than that of the uid is probably due to the de-
position/resuspension mehanisms, whih bring partiles
to the near-wall region (where they are haraterized by
high temperature value dierenes) and drive them to-
ward the ore region [10,13℄. When a partile initially
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ow 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lose to the wall is entrained toward the ore region, it
will adapt its temperature at a rate depending on partile
thermal inertia, thus maintaining a temperature higher
than that of the uid. In the outer region, the perspetive
is overturned, and partiles are haraterized by a tem-
perature lower than that of the uid. The eet of par-
tile thermal inertia is also visible by observing the rms
of partile temperature proles, < T+p,rms(z
+) >, shown
in Fig. (12). These proles are qualitatively similar to
those for the streamwise rms omponent (Fig. 10a), due
to the role played by partile thermal inertia in trans-
ferring heat, similar to that played by partile inertia in
transferring momentum. Although a qualitative similar-
ity between the temperature and the streamwise veloity
rms an be observed, quantitative dierenes are visible.
In partiular, the peak of the streamwise veloity rms
exhibits values higher than the temperature rms. These
quantitative dierenes are due to the fat that partile
inertia is larger than partile thermal inertia and auses
streamwise veloity utuations higher than thermal u-
tuations.
4. Instantaneous features of turbulent transfer of
momentum, heat and partiles
A number of DNS-based works have been suessful in
larifying the role of the instantaneous realizations of the
Reynolds stresses in transferring momentum [41℄, heat
[19℄ and partiles [10℄. We refer to these works and to
the referenes therein for a more omprehensive desrip-
tion of the phenomena. It sues here to show on a
qualitative basis some relations among momentum, heat
and partiles transfer mehanisms.
To this aim, we omplement the statistial analysis of
the previous setions by showing the omplex intera-
Figure 13: Front view of partile instantaneous distribution
superimposed to the uid veloity eld (top) and to the uid
temperature eld (bottom) at Pr = 3.
tions among veloity eld, temperature eld and parti-
les distribution. In partiular, we examine simulation
R3 (Re∗ = 150, Pr = 3 and dp = 4 µm partiles). We
onsider a ross setion of the ow eld, perpendiular
to the mean veloity, ut along a x − y plane. Consider
rst Fig. (13a): olor isoontours orrespond to values
of the streamwise uid veloity whereas irles represent
partiles (drawn larger than the real size for visualization
purposes) olored by their wall-normal veloity. In this
Figure, green partiles have wall-normal veloity direted
toward the walls, while blak partiles have wall-normal
veloity direted away from the walls. In this way, just
by analyzing partile wall-normal veloity, it is possible
to detet partile transfer uxes toward the wall and par-
tile transfer uxes away from the wall. It is possible to
observe that uxes of partiles are assoiated with uxes
of streamwise momentum (alled sweeps if direted to-
ward the wall and ejetions if direted away from the
wall, as disussed in several previous papers [10,13℄).
To draw a link between the heat transfer mehanisms
and the momentum transfer mehanisms we onsider
also Fig. (13b), where the partiles are shown super-
imposed to the temperature eld for the same setion of
Fig. (13a). In this ase olor isoontours are the values
of the uid temperature, whereas irles represent par-
tiles olored by their temperature: speially, green
partiles have higher-than-mean temperature, blue par-
tiles have lower-than-mean temperature, and red parti-
les have temperature lose to the mean. The Reynolds
12
transport analogy is learly demonstrated by the behav-
ior of the instantaneous temperature eld: fousing on
the wall at z+ = 0, haraterized by higher temperature,
we observe hot uid plumes raising in orrespondene
with the raising of low momentum uid within an ejetion
in Fig. (13a). This just demonstrates the eetiveness
of the Reynolds stresses in transporting the uid lose to
the wall towards the enter of the hannel and vieversa.
Similar observations an be made for the old wall at
z+ = 300. Considering now, again in Fig. (13b), the be-
havior of the partiles in orrelation with the temperature
eld, we observe that partiles with higher temperature
are ejeted from the lower wall and are direted towards
the upper wall. The opposite ours to the older parti-
les. In this ase, however, it is important to remind that
partile temperature is not stritly orrelated with uid
temperature. This behavior an be explained by onsid-
ering that partile trajetories depend on uid veloity
and partile inertia, but not on uid or partile temper-
ature. Partiles, driven by the uid vorties, an thus
reah regions haraterized by uid temperature quite
dierent from partile temperature, ausing an appreia-
ble heat exhange between the two phases.
The eieny of the overall heat exhange proess is
onditioned by the degree of non-homogeneity of partile
distribution and by the rate of partile aumulation at
the wall. This observation is qualitatively orroborated
by Fig. (14), where the instantaneous ross-setional dis-
tribution (left-hand side panels) and the wall-normal on-
entration, C/C0 (right-hand side panels) of both parti-
le sets are ompared at the same time instant. Note
that the 4 µm partile distribution, shown in Fig. (14),
is the same of Fig. (13), the partile olor ode being
that of Fig. (13b); partile onentration is omputed
as partile number density distribution per unit volume
normalized by its initial value [10℄. It is evident that the
smaller 4 µm partiles, whih produe an inrease of heat
transfer at the wall (as disussed in Se. III B), exhibit
a more persistent stability against non-homogeneous dis-
tribution and near-wall onentration with respet to the
larger 8 µm partiles. The larger partiles tend to form
lusters in the ore region and aumulate at the wall at
higher rates ating as an additional thermal resistane
both between the walls and the uid and between the
uid and the partiles: as a result of this behavior, the
heat transfer is redued.
IV. CONCLUSIONS AND FUTURE
DEVELOPMENT
Heat transfer enhanement is a fasinating subjet
with extremely interesting possibilities for appliation.
One option to inrease heat transfer is to devise a new
onept of heat transfer media onstituted by a base uid
in whih suitably-hosen heat transfer agents, preisely
miro and nano partiles, are injeted. In this way, the
uid an be a standard uid haraterized by simpliity of
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Figure 14: Front view of partile instantaneous distribution
(left panels) and orresponding partile wall-normal onen-
tration, C/C0 (right panels) at Pr = 3. Panels: (a-b) 8 µm
partiles, (-d) 4 µm partiles.
use and well-known properties, like water, and the heat
transfer agents an be heavy-metal, high-heat-apaity,
dispersed partiles (e.g. opper, gold or platinum).
Current literature trends show the potentials of suh
heat transfer media, alled nanouids; yet the ompli-
ay and the ost of experimental methods make it hard
to understand the intriay of the mehanisms whih gov-
ern the dynamis of the turbulent heat transfer among
the uid and the partiles. Current open questions range
from the optimal size of the partiles, to the optimal
onentration and pratial solutions in real appliations.
Further ompliating eets are represented by the par-
tile inertia and the partile thermal inertia, whih are
additional parameters.
The present study represents a rst eort made in the
frame a broader projet on the numerial simulation of
heat transfer in nanouids. Our strategi objet is to
investigate the heat transfer mehanisms in nanouids
and to devise a suitable numerial methodology to anal-
yse their behavior. In this paper, the DNS of uid and
thermal elds is assessed against literature data (Kasagi
and Iida [31℄ and Na et al. [19℄) for one value of the
shear Reynolds number, Re∗ = 150, and two values of the
Prandtl number, Pr = 0.71 and Pr = 3. Further, prelim-
inary results obtained from DNS of two-phase solid-liquid
turbulent ow in a hannel with heat transfer are pre-
sented. Hydrodynamially fully-developed, thermally-
developing ow onditions have been onsidered to inves-
tigate on heat transfer modulation produed by the dis-
persion of mirometer sized partiles. Two dierent sets
of partiles are onsidered, whih are haraterized by
dimensionless inertia response times equal to St = 1.56
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and St = 6.24 and by dimensionless thermal response
times equal to StT = 0.5 and StT = 2, respetively. The
instantaneous features of the veloity eld, the temper-
ature eld and partiles dispersion are disussed from a
qualitative mehanisti viewpoint to analyse the role of
partiles as heat transfer enhanement agents.
Building on the results presented in this paper, an ex-
tensive numerial work ombined with modeling eorts
will be arried out to ahieve a deeper understanding of
the reason why nanouids ondut heat so eetively. For
instane, the inreased surfae interation between the
uid and the solid partiles at the nanosale as possible
explanation to the inreased heat transferability will be
investigated. Indeed, for a given volume of material there
is a greater number of partiles as their size dereases;
perhaps there is more opportunity for the nanoparti-
les to ondut the heat. Furthermore, understanding of
how the moleules of a base uid keep nanopartiles sus-
pended, sine nanopartiles are still dramatially larger
than individual moleules needs to be investigated. In
this ontext, the eet of Brownian fores on the kine-
matis of the nanopartiles should be investigated. It
would be also of interest to investigate the magnitude of
the van der Waals fores between the partiles and their
eet on the nanouids dynamis. These fores are usu-
ally small, but they beome strong (and attrative) when
the distane between partiles beomes of the order of
tenths of nanometers.
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